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2 ) was much less than estimates of fine-grained sediment input by coseismic 24 landslides (418+437/-302 Mt) determined by landslide area-volume scaling and deposit grain-size 25 distributions. We estimate the residence time of fine-grained sediment in the affected river 26 catchments using the post-earthquake rate of sediment export, and find it ranges from one year to 27 over a century. The first-order variability in fine sediment residence time is proportional to the 28 areal extent of coseismic landsliding, and is inversely proportional to the frequency of intense 29 runoff events (>5 mm day -1 ). Together with previous observations from the 1999 Chi-Chi 30 earthquake in Taiwan, our results demonstrate the importance of landslide density and runoff 31 intensity in setting the duration of earthquake-triggered landslide impacts on river systems.
INTRODUCTION 33
Large earthquakes can trigger widespread coseismic landslides which mobilize large 34 volumes of sediment (Keefer, 1984; 1994) . Landslide sediment can cause river bed aggradation, temporal resolution, we examine the immediate (daily to weekly) and longer-term (years to 63 decades) impacts of earthquake-triggered landslides on river suspended loads and assess the 64 controls on fine-grained sediment residence time. 65 (Fig. 1) . SSC samples were 71 collected up to 8 times per day, depending upon water level variations, with a depth-integrated 72 sampler along 5-10 vertical profiles (Ministry of Water Resources of China, 2007). Samples were 73 filtered through 0.7 µm paper filters, and the sediment was dried and weighed. The grain size 74 distribution was measured on selected samples. Daily suspended sediment discharge (SSC × Q w ) 75 was summed to quantify annual suspended sediment discharge, Q ss (Mt yr -1 ). Uncertainties on 76 SSC were estimated using the standard deviation of daily repeat SSC measurements at the 77 Sangping station and were propagated into estimates of Q ss (Table DR2 ). Before and after the 78 earthquake, 97% of suspended sediment was transported between May and October during 79 monsoonal rainfall ( (Table DR3) . Across these sites, the average weight percent of material <0.25 mm in 91 diameter was 6.6 ± 4.4% (±1σ), which we use to estimate fine sediment volume and its likely 92 variability in the landscape. 93
MATERIALS AND METHODS

FLUVIAL RESPONSE TO THE WENCHUAN EARTHQUAKE 94
The three major rivers draining the impacted area experienced an increase in Q ss following 95 the earthquake (Fig. 1) . At the most downstream gauging stations, post-earthquake Q ss was ~3 to 96 ~7 times higher than in [2006] [2007] (Fig. 1) . These increases are similar to those in Taiwan (Fig. 1) , changes in annual water discharge were relatively 99 minor (Fig. DR2) The daily measurements also reveal the immediate fluvial response to the earthquake and 105 its aftershocks. At Sangping station on the Zagunao River (drainage area 4,600 km 2 ,  ls ~0.3%; 106 Table DR1 ), SSC 18 h after the earthquake (1,532 mg L -1 ) was 57 times higher than that measured 107 6 h before the earthquake (27 mg L -1 ), while Q w remained roughly constant ( Fig. 2A ). This 108 immediate response is consistent with delivery of some fine-grained coseismic landslide sediment 109 directly to rivers. SSC then decreased over ~10 days while Q w was relatively invariant, indicating 110 removal of available sediment from the banks and bed of the active river channel ( Fig. 2A) . 111
Three measurements depart significantly from this pattern ( Fig. 2A) . The Q ss at Sangping over the 10 days following the earthquake ( Fig. 2A ) was 0.09 ± 0.02 120 Mt, much less than the estimated fine-grained landslide inputs of 10+12/-8 Mt upstream of the 121 station. Therefore, to elucidate the longer-term pattern of sediment export, we use two sets of 122 nested gauging stations upstream and downstream of the landslide-affected area (Fig. 1 ). To 123 average over short-term variability (e.g. Fig. 2A ), we sum Q ss over half-year time intervals and 124 calculate the 'downstream sediment gain', the ratio of downstream to upstream Q ss . After the 125 earthquake, downstream sediment gain increased by ~4 times in the Zagunao River along a 55 km 126 reach with  ls ~0.3% (Fig. 2B) , and increased by ~12 times in the Fu Jiang along a 105 km reach 127 with  ls ~0.6% (Fig. 2C) . In both locations, downstream water gain showed no change after the 128 earthquake ( Fig. DR3) . 129
Post-earthquake decline in the downstream sediment gain for the Fu Jiang can be described 130 by a power-law function of time (r 2 = 0.94) (Fig. 2C ). This declining trend suggests that the 131 suspended sediment loads would return to pre-earthquake levels in 6 ± 1 years, similar to estimates 132 following the Chi-Chi earthquake in Taiwan yr -1 ), the excess Q ss attributable to the earthquake was 14.3 ± 7.8 Mt yr -1 (Table DR1) . Most 143 (>95%) of this mass is fine sediment, <0.25 mm (Fig. DR4 ). In contrast, 2.4+1.9/-0.7 km 3 of 144 sediment was mobilized by earthquake-triggered landslides (Li et al., 2014), equating to 145 6329+5097/-1787 Mt (assuming a solid density of 2.65 × 10 3 kg m -3 ). Of this sediment, available 146 data suggests that 6.6 ± 4.4% has a grain size of <0.25 mm (Table DR3) . Acknowledging the 147 uncertainty on these estimates, we estimate a total supply of fine (<0.25 mm) landslide sediment of 148 418+437/-302 Mt. 149
Across the Longmen Shan, at the present rate of post-earthquake fluvial export, we 150 estimate that it will take 29+30/-21 years to remove all material <0.25 mm delivered by coseismic 151 landslides (Table DR1 ). This estimate does not consider a decline in Q ss over time (Fig. 2C) and so 152 provides a lower bound on residence time. Estimates of fine sediment residence time in individual 153 catchments range from 1.0+1.6/-0.9 to 77+109/-65 yr, with an extreme value of 190+528/-186 yr 154 (Table DR1 ). The residence time estimated from Fujiangqiao station (5+8/-4 yr) is consistent with 155 the estimate made from the decline of sediment load in this catchment of 6 ± 1 yr (Fig. 2C) . 156
CONTROLS ON SEDIMENT RESIDENCE TIME 157
The estimated residence times of fine-grained coseismic landslide sediment in the  ls > 0.6% (Fig. 3) , assuming that V ls scales with A ls . However, this only partly explains the 166 variability between catchments. 167
In the Longmen Shan, the contribution of intense runoff events (daily Q w normalized by 168 catchment area) varies between catchments (Fig. DR5) . The proportion of total catchment runoff 169 delivered by daily flows >5 mm day -1 varies from 0 to 66% across the study area (Table DR1 ). For 170 a given landslide density, a higher proportion of intense runoff leads to a shorter fine sediment 171 residence time (Fig. 3) , likely due to a combination of increased river transport capacity and 172 any other catchment and cannot be well explained by runoff intensity and  ls alone. There, the very 176 long residence time may reflect large individual landslides that contribute significant volumes of 177 sediment but limited total landslide area (Fig. DR6) . The additional variability (Fig. 3) Dunne, 1997). The scatter also reflects the uncertainty in the quantification of residence time, 181 derived mainly from uncertainty in the volume of fine sediment from landslides and its grain size. 182
Nevertheless, our data suggest that runoff intensity plays a crucial role in regulating the residence 183 time of fine sediment mobilized by a major earthquake (Fig. 3) . 184
WIDER IMPLICATIONS 185
Our analysis can explain the relatively short residence time of fine sediment after the 1999 186 M w 7.6 Chi-Chi earthquake in Taiwan (Hovius et al., 2011) as compared with the range of 187 responses in the Longmen Shan catchments (Fig. 3) . In Taiwan Our results suggest that the combination of coseismic landslide density and the frequency 202 of intense runoff events appears to govern, to first order, the residence time of fine-grained 203 sediment (Fig. 3) . This may also be the case for coarser sediment, but it is not straightforward to 204 extend our analysis to coarse-grained landslide material transported as bed load ( 
Grain Size Distribution of Landslide Deposits
23
In this study, we use published measurements of the grain size distribution of 24 landslide deposits formed during the 2008 Wenchuan earthquake (Table DR3) 
27
Here, for summary, the procedure described by Wang et al. (2013) (Fig. 1) . The analyses were undertaken by the methods described in detail by for ~81% of total annual discharge, whereas suspended sediment discharge accounts 110 for ~97% at these stations. 
